For gene therapy of inherited diseases, targeted integration͞gene repair through homologous recombination (HR) between exogenous and chromosomal DNA would be an ideal strategy to avoid potentially serious problems of random integration such as cellular transformation and gene silencing. Efficient sequence-specific modification of chromosomes by HR would also advance both biological studies and therapeutic applications of a variety of stem cells. Toward these goals, we developed an improved strategy of adenoviral vector (AdV)-mediated HR and examined its ability to correct an insertional mutation in the hypoxanthine phosphoribosyl transferase (Hprt) locus in male mouse ES cells. The efficiency of HR was compared between four types of AdVs that contained various lengths of homologies at the Hprt locus and with various multiplicities of infections. The frequency of HR with helperdependent AdVs (HD AdVs) with an 18.6-kb homology reached 0.2% per transduced cell at a multiplicity of infection of 10 genomes per cell. Detection of random integration at DNA levels by PCR revealed extremely high efficiency of 5% per cell. We also isolated and characterized chromosomal sites where HD AdVs integrated in a random manner. In contrast to retroviral, lentiviral, and adeno-associated viral vectors, which tend to integrate into genes, the integration sites of AdV was distributed randomly inside and outside genes. These findings suggest that HR mediated by HD AdVs is efficient and relatively safe and might be a new viable option for ex vivo gene therapy as well as a tool for chromosomal manipulation of a variety of stem cells.
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gene therapy ͉ homologous recombination ͉ hypoxanthine phosphoribosyl transferase F or gene therapy of inherited diseases, integrating vectors, such as retroviral, lentiviral, and adeno-associated virus (AAV) vectors, have been used to introduce a therapeutic gene into random sites on target cell chromosomes (1, 2) . However, random integration has potential problems, such as insertional mutagenesis and possible effects on gene expression. Homologous recombination (HR) is an ideal strategy for gene therapy of inherited diseases because it has the potential to repair mutant genes even in the case of dominant mutations. It also can be applied to introduce a gene into a safe and transcriptionally active chromosomal site to obtain a predictable level of expression. HR between electroporated exogenous DNA and chromosomal loci in mammalian cells has been extensively applied in mouse ES cells to make gene knockout mice. However, its application in other cell types, including human ES cells, has been hampered by a lack of a suitable gene delivery method to obtain HR (3) . Considering that a variety of embryonic and adult stem cells have been isolated and characterized, development of a general strategy to obtain efficient HR in various cell types would be of paramount importance for biological studies and clinical applications of stem cells. However, HR between exogenous and chromosomal DNA is extremely inefficient, especially in mammalian cells. Many approaches, including chimeric DNA-RNA oligonucleotides, triplex-forming oligonucleotides, and small singleor double-stranded oligonucleotides, have been used in combination with nonviral gene delivery methods for gene repair (4, 5) . Nevertheless, these approaches allow correction of only point mutations or small deletions͞insertions. AAV vectors have also been exploited as a viral vector for gene repair (6, 7) . However, the vector shows even higher frequency of random integration, which might obscure the advantage of targeted integration. Furthermore, currently available AAV vectors are less efficient in transducing certain types of stem cells, such as ES cells and hematopoietic cells, than adenoviral vectors (AdVs) (8, 9) .
In general, by choosing appropriate fiber serotypes, AdVs can infect almost any cell type efficiently, and their genome is transferred to and stays in the host nuclei as stable double-stranded linear episomal DNA (10, 11) . Importantly, unlike AAV vectors, AdVs are believed to integrate into host chromosomes at relatively low frequencies (1, 2) . Previously, AdVs have been used to target extrachromosomal and chromosomal loci in mammalian cells by HR, albeit with limited success (12) (13) (14) . In the case of adenine phosphoribosyl transferase locus in CHO cells transduced with E3-deleted replication-competent AdVs, the chromosomal integration frequencies were 10 Ϫ5 to 10 Ϫ6 , in which 6-20% was by HR (14) . When self-replicating extrachromosomal plasmid DNA (Ϸ100 copies per cell) was targeted by replication-incompetent E1-deleted (E1D) AdVs in a mouse cell line, the HR frequencies were 1.9-8.3 ϫ 10 Ϫ4 per cell (12) . An E1-deleted AdV was also used to target the Fgr locus in mouse ES cells with the frequencies of 1.9 ϫ 10 Ϫ7 to 1.2 ϫ 10 Ϫ5 (13). Helper-dependent adenoviral vectors (HD AdV) were originally developed to overcome host immune responses against E1D AdVs in vivo (reviewed in ref. 15) . Because all of the viral genes are removed from the vector genome, they offer additional advantages such as decreased cytotoxicity and expanded cloning capacity, permitting insertion of larger segments of homologous DNA for HR. These features of HD AdVs might be advantageous to obtain highly efficient site-specific integration into host chromosomes through HR for therapeutic purposes.
In this study, we examined the ability of HD AdVs to correct an insertional mutation at the hypoxanthine phosphoribosyl transferase (Hprt) locus in male mouse ES cells. The frequency was 0.02-0.2% per transduced cell by using a HD AdV with an 18.6-kb homology at a relatively low multiplicity of infection (moi) of 10, although the frequency of random integration was much higher and was Ϸ5%, with 72% of the integration sites being intergenic. These observations suggest that HR mediated by HD AdVs might be applicable to ex vivo gene correction therapy as well as manipulation of chromosomes in a variety of stem cells.
Materials and Methods
Cell Culture. The wild-type mouse ES cell line, AB1, and an HPRT-knockout mouse ES cell line, AB1͞HprtRV7.0PGK, which is derived from AB1 and has the 1.6-kb PGK-neo cassette inserted into exon 3 of the Hprt locus (kindly provided by Allan Bradley, Wellcome Trust Sanger Institute, Cambridge, U.K.), were cultured as described in ref. 16 . HEK293 cells were maintained in DMEM supplemented with 10% FCS. HEK293Cre66 cells (kindly provided by Gudrun Schiedner and Stefan Kochanek, University of Cologne, Cologne, Germany) were maintained in MEM-␣ supplemented with 10% FCS.
Construction of AdVs.
To construct E1D AdHprt1.7 and E1D AdHprt6.7, the 1.7-kb HindIII-EcoRI and the 6.7-kb EcoRI fragment, both encompassing the Hprt exon 3, were subcloned into p⌬E1sp1A (17) , to make p⌬E1Hprt1.7 and p⌬E1Hprt6.7, respectively. To construct HD AdHprt6.7, the 6.7-kb EcoRI fragment and the PGK␤-geobpA (18) cassette were subcloned into HD AdV plasmid, pSTKCMV␤-gal (19) , to make pHDAdHprt6.7. To construct HD AdHprt18.6, the 18.6-kb NotI fragment encompassing the exons 2 and 3 of the mouse Hprt locus (20) was subcloned into HD AdV plasmid, pNEBITRSR␣␤-geo (K.M., unpublished data), to make pHDAdHprt18.6. The schematic structure of these vectors is shown in Fig. 1 . A detailed description of these subclonings can be provided on request.
Preparation of AdVs. p⌬E1Hprt1.7 and p⌬E1Hprt6.7 were cotransfected into 293 cells with pJM17 (21) and pBHG10 (17) to rescue AdHprt1.7 and AdHprt6.7, respectively. The resultant E1D AdVs were propagated by serial passages on 293 cells, as described in ref. 22 . After transfection of PmeI-linearized pHDAdHprt6.7 and pHDAdHprt18.6, the rescued HD AdVs were propagated by serial passages on 293Cre66 cells with the addition of the Ad5E3stLYLR helper virus (F. P. Hernandez and K.M., unpublished data) at each passage, as described in ref. 23 . Both E1D and HD vectors were purified on two rounds of CsCl density gradient ultracentrifugation, as described in ref. 22 . Infectious vector titers were adjusted with respect to the copy number of vector DNA in transduced ES cells.
For this titration, ES cells were infected with serially diluted vectors. Four hours after infection, DNA was extracted from the cells, digested with EcoRV and subjected to quantitative Southern hybridization, and probed with the 1.2-kb EcoRI fragment encompassing the exon 3 of the Hprt locus (data not shown). Throughout this study, the moi is based on the copy number of vector genome per ES cell after infection.
Measurement of Homologous Recombination and Random Integration
Frequencies. Because HPRT-proficient cells are hypoxanthine͞ aminopterin͞thymidine (HAT)-resistant, HR events, which restore the Hprt locus in AB1͞RV7.0PGK cells, were detected by HAT selection. Because AB1͞RV7.0PGK cells already contain the neomycin-resistant gene inserted into exon 3 of the Hprt locus, the parental AB1 cells were used in studies to detect random integration events of the HD AdVs, which encode the ␤-geo marker gene, by G418 selection. For these assays, the cells were plated into six-well dishes on day 1 and, on day 2, the cells were counted and infected with the vectors at various mois for 1 h at room temperature. In one set of experiments, the cells were treated with 300 M trichostatin A (TSA) for the first 2 days of infection with the HD AdHprt18.6 vector. On day 3 or 5, the cells were replated in six-well dishes and, on the following day, HAT or G418 selection was initiated. The frequencies of HR or random integration were calculated by dividing the total number of HAT-or neomycinresistant colonies by the total number of cells plated. The efficiency of colony formation of infected cells was also measured in the absence of selection to normalize the frequencies of integration. Experiments were performed in duplicate and analyzed by t test.
Electroporation. Ten million AB1͞RV7.0PGK cells were electroporated with 25 g of PmeI-linearized pHDAdHprt18.6 plasmid DNA, which has structure similar to the virus genome with inverted terminal repeats attached at both ends, at 230 V and 500 F, and plated onto a 6-cm dish. The next day, cells were diluted and plated in duplicate. HAT selection was initiated 2 days after electroporation. The efficiency of colony formation was also determined in the absence of selection. Under this condition, the average gene transfer efficiency, measured by using a plasmid DNA encoding the GFP gene and FACS analysis, was Ϸ20%, and the plating (colonyforming) efficiency after electroporation was 42% (data not shown).
DNA Analysis of ES Clones.
To analyze the structure of the Hprt locus after HR, DNA was extracted from HAT-resistant AB1͞ RV7.0PGK clones, digested with BamHI, and subjected to Southern hybridization with the Hprt exon 3 probe. To analyze whether extra copies of the vector exist in HAT-resistant ES cell clones, which went through HR, DNA from HAT-resistant AB1͞ RV7.0PGK clones was subjected to PCR analysis with primer pairs amplifying the ␤-gal sequence (PCR 1 in Fig. 1 ) and the junction between adenovirus and Hprt sequences of HD AdHprt18.6 (PCR 2 in Fig. 1 ). The sequences of oligonucleotide primers are as follows: ␤-gal216, CTGGCTGGAGTGCGATCTTC, and ␤-gal291R, CG-CATCGTAACCGTGCATC, for ␤-gal PCR; and Ad1295, CTA-AAATGGCGCCTGCTATC, and mHprtR, ACTAGAATGAT-CAGTCAACGGG, for Ad͞Hprt PCR. PCR was also used to detect vector DNA directly from infected AB1͞RV7.0PGK clones, which were grown in the absence of HAT selection. DNA was extracted and subjected to PCR with the same Ad͞Hprt and ␤-gal primer pairs as above.
Analysis of Vector Integration Sites.
To determine vectorchromosome junction sequences of randomly integrated AdVs, we performed adaptor-ligated PCR (AL-PCR) as described in ref. 24 . AB1 cells were infected with the HD AdHprt18.6 vector, G418-resistant colonies were isolated, and their DNA was partially digested with Sau3AI. Sequences of oligonucleotide primers used for AL-PCR and sequencing are as follows: adaptor 1, ACAG-CAGGTCAGTCAAGCAGTA; adaptor 2, AGCAGTAGCAG-CAGTTCGATAA; Ad5 280R, CCTAAAACCGCGCGAAA-ATTGTC; Ad5 228R, CCTAAAACCGCGCGAAAATTGTC; mHprt18.6-3Ј first, TTCTATCGCCTTCTTGACGAGT; mHprt18.6-3Ј second, TGTACTGAGAGTGCACGTCGAA. The PCR products were gel-extracted and sequenced by using either the Ad5 280R primer or the mHprt18.6-3Ј second primer (AB1 PRISM 310 DNA Sequencer, PE Applied Biosystems, Foster City, CA). The sequences of integration sites determined by AL-PCR were BLAST-searched against the public mouse genome database thorough the National Center for Biotechnology Information. The chromosomal localization of each integration site was BLASTsearched by using the University of California, Santa Cruz, Genome Bioinformatics Site (May 2004 assembly). A ''gene'' was defined as a genomic region between transcriptional start and stop boundaries of one of the RefSeq genes, as defined in the investigation of AAV integration sites (25) . The bias for or against preferred integration in RefSeq genes was compared with computer-simulated 10,000 random integrations (26% into the genes; ref. 25) , and the statistical significance was assessed with the 2 test.
Results

Effects of Length of Homologies and mois on Homologous Recombination.
To clarify whether the length of homology and͞or the moi have effects on HR or random integration frequency, we constructed four types of AdVs and examined their ability to correct an insertional mutation in exon 3 of the Hprt locus in male mouse ES cells. HR between the vector and the mutated Hprt locus would restore the HPRT activity and make the cell HAT-resistant. The frequency of random integration was examined by measuring the number of G418-resistant colonies. Each AdV contained a wildtype exon 3 sequence of the mouse Hprt gene with variable lengths of flanking intronic sequences ranging from 1.7 kb to 18.6 kb (Fig.  1) . The PGK and SR␣ promoter-driven ␤-geo gene were encoded in the HD AdHprt6.7 and the HD AdHprt18.6 vector, respectively. AB1 and AB1͞RV7.0PGK mouse ES cells were infected with these vectors at various mois from 10 to 1,000, and the selections were started 4 days after infection. HR and random integration frequencies were calculated by dividing the total number of HAT-and neomycin-resistant colonies by the total number of cells plated, respectively. As shown in Fig. 2 , HR was most efficiently obtained when using the HD AdHprt18.6 vector. Under this condition, the frequency of HR was nearly 0.0002 per infected cell at an moi of 1,000. In our study, the length of homologous sequence appeared to be critical to achieve HR. In the case of HD AdHprt6.7 and E1D AdHprt1.7, no HR events were detected. The frequency of HR by E1D AdHprt6.7 was 2.0 ϫ 10 Ϫ7 per cell at an moi of 1,000 (data not shown). The HR frequency by electroporation of the plasmid pHDAdHprt18.6 was 23-fold less than that by vector infection (6.7 ϫ 10 Ϫ4 per cell vs. 2.4 ϫ 10 Ϫ5 per cell in experiment 3, Table 1 ), indicating the significance of AdV-mediated DNA delivery for efficient HR. The structure of the exon 3 region of Hprt locus was analyzed in HAT-resistant ES clones by Southern analysis with the exon 3 probe. All 22 (10 by AdV infection and 12 by electroporation) showed a pattern of faithful HR (data not shown).
Effects of Culture Conditions on Homologous Recombination. We examined the effects of tissue culture conditions, such as treatment with the histone deacetylase inhibitor, TSA, and incubation time between infection and the start of HAT selection, on HR with AdVs. We reasoned that TSA-mediated histone acetylation in ES cells, resulting in relaxed chromatin structure, might promote HR. However, TSA treatment did not improve the HR frequency, probably because Hprt is a housekeeping gene and it already has open chromatin (Fig. 2) .
To optimize the selection conditions, we started HAT and G418 selection at different times after infection. The HR and random integration frequencies did not change significantly whether the selections were started 2 days or 4 days after infection ( Table 1) . The frequencies were 3.2 ϫ 10 Ϫ4 to 2.2 ϫ 10 Ϫ3 per cell for HR and 4.8 ϫ 10 Ϫ4 to 3.1 ϫ 10 Ϫ3 per cell for random integration. These results suggest that HR and random integration occur within 2 days after infection. Porteus et al. (26) also reported that HR occurs within 2-3 days after gene transfer. In contrast to a previous report that suggested that HAT selection at low cell density reduces the frequency of HR (27), we found that plating infected cells at a high cell density by adding uninfected cells before selection (1.2 ϫ 10 5 cells per cm 2 in a six-well dish) did not improve HR frequency in our system (Table 1 , experiment 1).
Efficient Homologous Recombination with Reduced Numbers of Cells.
Because the number of target cells might be limited in ex vivo stem cell gene therapy, we next investigated whether HD AdV-mediated HR can be efficiently achieved starting with fewer cells. AB1͞ RV7.0PGK cells were plated in 6-well, 24-well, or 96-well dishes at a density of 2 ϫ 10 5 cells per cm 2 and infected with HD AdHprt18.6 Cells were infected with HD AdHprt18.6 vector at an moi of 10. After infection, cells were passaged every 2 days at a density of 10 5 cells per cm 2 into a six-well dish. Two and 4 days after infection, selection was initiated. Frequencies of random integration or HR were calculated by dividing the total number of G418-or HAT-resistant colonies by the total number of cells plated, and these were normalized with plating (colony-forming) efficiency. Experiments were performed in duplicates. ND, not done. vector. To infect the cells at the same moi of 10, the relative volume of virus-containing solution per cell had to be increased for a smaller well (30, 100, and 200 l for 96-, 24-and 6-well, respectively). Therefore, the infection efficiency might have been compromised, resulting in a lower HR efficiency. This low infection efficiency might be one of the reasons why HAT-resistant colonies were not formed in a 96-well dish and the efficiency in a 24-well dish was lower than that in a 6-well dish. Nevertheless, we successfully obtained HAT-resistant colonies at a frequency of 2.1 ϫ 10 Ϫ4 per infected cell in a 24-well dish (25 HAT-resistant colonies of 1.2 ϫ 10 5 cells infected, on average, Fig. 3 ). These results clearly indicate gene correction can be achieved relatively efficiently in a smaller number of cells by using AdVs.
Random Integration Frequencies of HD AdVs.
To measure the random integration frequency of HD AdVs, AB1 cells were infected with the HD AdHprt6.7 or the HD AdHprt18.6 vector at various mois from 10 to 1,000. As shown in Fig. 2 , both HD AdVs achieved similar random integration frequencies of 10 Ϫ4 to 10 Ϫ3 per cell, which was measured as the frequency of G418-resistant colonies. In contrast to the HR frequency, which showed an moi-dependent increase, the random integration frequency reached a plateau at an moi of 100. As a result, the ratio of HR to random integration was increased at an moi of 1,000 to Ͼ50% (Fig. 2) .
After treating the cells with TSA, the frequency of random integration apparently increased relative to that of HR (Fig. 2) . This result suggests that the nonspecific histone deacetylase activity of TSA promotes global relaxation of higher order chromatin structure, thereby presenting more sites for random integration. It is also possible that the random integration frequencies, measured by G418-resistance, might be underestimated, possibly because gene silencing prevents integrated vectors from expressing the ␤-geo marker gene. To directly detect vectors at the DNA level, we next performed a PCR that amplified regions close to both the left and the right end of the vector (Fig. 1) . DNA was prepared from AB1͞RV7.0PGK cells that were transduced with HD AdHprt18.6 by vector infection or by plasmid electroporation and formed colonies without HAT selection. As a result, HD AdHprt18.6 DNA was detected in 4 of the 74 samples (5.4% of colonies; Table 2 ). On the other hand, no random integration event was detected in ES clones formed after electroporation (0 of 36). These results indicate that the random integration frequency of HD AdVs may be much higher than reported in ref. 28 . We also examined whether randomly integrated vector exists in HAT-resistant clones, which had achieved targeted vector integration. We used the same two primer pairs as above, and the vector sequence was detected in 3.1% (1 of 32) of the HAT-resistant clones (Table 2 ). There was no statistically significant change in the random integration frequency in HAT-resistant colonies compared with nonselected colonies, suggesting that targeted and random integration with AdVs occur independently.
Integration Sites of HD AdVs. In view of the unexpectedly high frequency of random integration, if AdVs favored integration at chromosomal regions near or within active genes, as reported for retroviral, lentiviral, and AAV vectors, it could potentially have deleterious effects. Therefore, we determined the nucleotide sequences of the AdHprt18.6 vector integration sites. Because of the large genome size of AdV, the plasmid rescue strategy, which was used for cloning of AAV integration sites, could not be used (29, 30) . Instead, we used AL-PCR (24) . In most of the cases, only one of two vector ends could be determined. By aligning the sequences of AL-PCR products with the mouse genome sequence, it was found that HD AdVs have a tendency to integrate not in genes (5 of 18 integrants, 28%) but in intergenic regions (13 of 18 integrants, 72%) ( Table 3 ). All five intragenic integrations (A7, A8, A11, B4, and C2) were into introns, and at least four of them (A7, A8, A11, and B4) are expressed in ES cells (Stanford SOURCE web site). One of the integrations (C7) was into the B2 repeats, and, therefore, we could not determine the chromosomal location. Also, in most of the cases, small deletions of integrated vector DNA were found at the end of inverted terminal repeats, ranging from 1 to 99 bp (Table  3) . Furthermore, as in the case of AAV vectors, small insertions or microhomologies between the vector end and the integration sites were often found (Table 3) . In three cases, both ends were determined (Table 4 ). In one case (A5), the vector right end was found in an intergenic region on chromosome 15͞D3 whereas another end was in the L1 repeat. Because the closest L1 repeat to the right end integration site was at least 20 kb away, we concluded that either a Ͼ20-kb deletion or a translocation occurred in this clone. In two other cases (A11 and B4), both vector ends were located close to each other. However, in one case (A11), a chromosomal region that is originally 1.5 kb upstream was inverted and inserted 100 bp upstream of the integration site. In another case (B4), inversion of chromosomal DNA at the integration site, which is at least 125 bp in size, was found. Inversion, translocation, insertion, and deletion were all observed at the integration sites of other DNA viruses, such as AAV and hepatitis B virus, suggesting that the mechanisms involved in random chromosomal integration of these DNA viruses are similar (25, (29) (30) (31) (32) (33) . According to Nakai et al. (25) , computer simulated frequency of 100,000 random integration into mouse RefSeq sequences is 26.0% (October 2003 assembly). By using the 2 analysis, we concluded that the observed frequency of random integration in our study (28%) is not significantly different from the expected frequency. Therefore, random insertion with HD AdV does not show any sequence-specific of gene-specific preferences and is thus truly random unlike retrovirus and AAV integration patterns.
Discussion
Although integrating vectors, such as retroviral vectors, have the advantage of stable chromosomal integration, the problem of Fig. 3 . Homologous recombination in smaller numbers of target cells. AB1͞ RV7.0PGK cells plated in a 6-well, 24-well, and 96-well at a cell density of 2 ϫ 10 5 cells per cm 2 in duplicate. Each cell plate was infected with HD AdHprt18.6 vector at an moi of 10. Two days after infection, the HAT selection was started. Frequency of HR was determined by dividing the total number of HAT-resistant colonies by the total number of cells plated, which were normalized by colony forming efficiency. Experiments were performed in duplicates. AB1͞RV7.0PGK cells were infected with HD AdHprt18.6 at an moi of 10 and plated to form colonies in the presence or absence of HAT selection. DNA was extracted from these colonies and subjected to PCR analysis by using two primer pairs (Fig. 1) to directly detect vector DNA. insertional mutagenesis has been highlighted in their clinical use (34) . HR would be the most ideal strategy for gene therapy of inherited diseases. It overcomes various undesirable problems that might be caused by random integration. However, HR in mammalian cells is generally very inefficient. AdVs, especially HD AdVs, have several potential advantages for HR. Therefore, establishing an AdV-mediated HR strategy would be important for gene therapy of inherited diseases. Although we have previously tested the ability of an E1-deleted replication-incompetent AdV to target the single-copy chromosomal Fgr locus in mammalian cells by HR, the efficiencies were low at 10 Ϫ5 to 10 Ϫ7 per infected cell (13) . Here, we demonstrated that HR can be achieved at higher frequencies in mouse ES cells by using HD AdVs.
Our study showed that although no HR event was observed when E1DAdHprt1.7 or HD AdHprt6.7 AdVs were used, the frequency with HD AdHprt18.6 vector was almost 2 ϫ 10 Ϫ4 per cell (Fig. 2) . The frequency of HR was directly proportional to the moi of AdV used. In comparison with gene knockout studies, our experimental design of measuring the restored function of the HPRT gene is a more stringent assay for HR, because only faithful HR is detected. We conclude that the high cloning capacity of HD AdVs could be critical to achieve successful HR. In fact, a previous study reported that the HR frequency in mouse ES cells obtained by electroporation depended highly on homology length up to 14.6 kb DNA and then reached a plateau (20) . It would be interesting to know the minimum length of homology required to achieve efficient HR with AdVs.
One of the critical advantages of using HD AdVs is their high HR efficiency. Even at an moi of 10 (i.e., 10 vector genomes per cell), HD AdHprt18.6 vector achieved HR at frequency of 2.2 ϫ 10 Ϫ3 (Table 1) . Although, it cannot be directly compared, much higher mois (moi of 20,000) were reported to be required for AAV vectors than for HD AdVs to achieve HR of 3 to 7 ϫ 10 Ϫ3 per cell (7) . We also showed that it was possible to achieve HR even in a small number of cells by using HD AdVs (Fig. 3) . In contrast to electroporation, which required at least 10 7 cells to obtain HATresistant colonies at a frequency of 2.4 ϫ 10 Ϫ5 per transduced cell, HD AdV required only 3 ϫ 10 5 cells to achieve HR, and it was 23-fold more efficient per cell. Because of difficulties in obtaining and growing a sufficient number of some rare stem cells, feasibility of manipulating chromosomes of a small number of cells is a big advantage of viral vector-mediated HR.
Surprisingly, our PCR analysis of random integration at DNA levels revealed that the random integration frequency mediated by HD AdHprt18.6 was 0.05 per transduced cell (i.e., one in every 20 cells), suggesting that the frequency of random integration of AdVs is possibly as high as that of AAV vectors. We previously reported that both E1D and HD AdVs integrate into chromosomes in a variety of mammalian cell lines at frequencies between 10 Ϫ2 and 10 Ϫ5 (28). However, because the frequencies were measured as the frequency to produce neomycin-resistant colonies, these numbers might also be an underestimation. If random integration occurred at active gene loci at such a high frequency, it is more likely to induce cellular mutagenesis, as is the case in retroviral vectors. Previous reports showed that 59%, 75-80%, 61%, 57%, and 60% of integrations were into genes with AAV, HIV, murine leukemia virus, AB1͞RV7.0PGK cells were infected with HD AdHprt18.6 and plated to form colonies under G418 selection. DNA was extracted from the colonies, and vectors͞chromosome junctions were determined by AL-PCR. NA, not applicable. *The size of microhomologies or insertions at the vector͞chromosome junctions is shown. Microhomologies indicate the length of perfect matches, except clone 2 and B9, which showed 7 of 8 bp and 5 of 6 bp were shared between the vector and the chromosome, respectively. † The number of nucleotides that were deleted at the left or right end of vector inverted terminal repeat is shown. ‡ All the intragenic integrations are into introns. § An identical 9-bp stretch of DNA was inserted at both ends in an inverted manner. Interestingly, in contrast with the HR frequency, which showed an moi-dependent increase, the random integration frequency reached a plateau at an moi of 100 (Fig. 2) . Because HD AdVs do not encode proteins to catalyze integration, such as an integrase, the mechanism of random integration of HD AdV might be similar to that of AAV vector and duck hepatitis B virus, one in which viral genomes integrate at spontaneous double-strand breaks, presumably by the nonhomologous end-joining pathway (29, 36) . The characteristics of AdV͞chromosome junctions, such as microhomologies and small deletions͞insertions, support this hypothesis. However, the difference in preferential chromosomal regions of integration (intragenic vs. intergenic) between AAV and Ad vectors suggests that proteins involved in chromosomal integration are not exactly the same. The limited number of preexisting chromosomal breaks (37) might be the reason why the frequency of HD AdV-mediated random integration reached maximum levels at an moi of 100. Interestingly, the double-strand break frequency of 0.05 per cell, measured by the number of ␥-H2AX foci in confluent culture of MRC-5 cells (37), coincides with the frequency of random integration of AdVs we obtained.
Although it would be necessary to examine the efficiency of HR at other loci and the effect of DNA polymorphisms on HR, we have shown that HD AdVs could be a promising tool for gene therapy of inherited diseases. There are several advantages of using HD AdVs for HR over other gene delivery methods. In comparison with nonviral methods, because efficiency of DNA delivery is high, the same strategy can be applied to a wider variety of cells relatively easily, and it is easily scaled down for transducing a smaller number of cells. In addition, in comparison with AAV vectors, a higher cloning capacity of HD AdVs allows a larger DNA segment to be inserted to provide greater overlap homology with target chromosomal sites. Finally, unwanted random chromosomal integration through non-HR by HD AdVs tends to be located at intergenic regions. However, because the efficiency of HR is still an order of 10 Ϫ3 , this strategy is applicable only to ex vivo gene therapy. Furthermore, because the frequency of random integration is much higher, an appropriate strategy for negative selection, such as the one with the herpes simplex virus thymidine kinase gene, has to be used. Recently, chimeric nucleases, which combine a zinc finger DNA binding domain and an endonuclease domain, have accomplished to cleave DNA in a site-specific manner (38) . It was reported that chimeric nucleases could stimulate HR in human somatic cells by several thousand-fold (26, 39) . Performing HR by designing HD AdV, which also encodes chimeric nucleases that can stimulate the introduction of a double-strand break at a target locus, may lead to more effective gene targeting with AdVs. An AAV vector has been used to correct dominant mutations in mesenchymal stem cells from patients of osteogenesis imperfecta (6) . Because AdVs have wider tropisms than AAVs, this disease and other inherited diseases, especially X-linked severe combined immunodeficiency, hereditary tyrosinemia type I, and Fanconi anemia, might be strong candidates for HD AdV-mediated stem cell gene therapy. These diseases are ideal candidates, because even a small starting pool of corrected cells can be selected for and amplified in vivo and so extensive screening for HR events might not be necessary. Although hematopoietic cells are relatively refractory to AAV vector, HD AdVs with a chimeric fiber can efficiently transduce these cell types (40, 41) .
Our strategy also provides a way to manipulate a chromosome of a variety of target cells effectively by taking advantage of highly efficient gene transfer by AdVs. This AdV-mediated HR would have a variety of applications in biological studies such as production of gene knockout and knockin cell lines. Recently, various types of stem cells have been isolated. With the rapid development of regenerative medicine, the necessity for developing a strategy to manipulate cellular chromosome of these cells has been increased. The technology to obtain HR by HD AdVs presented in this study is an important step toward efficient chromosomal manipulation and wider clinical applications of stem cells.
